Background: Common surgical procedures on the mitral valve of the heart include modifications
Understanding the effect of particular chordae on valve competence would significantly help cardiologists and surgeons preoperatively form a plan for surgical repair of a valve. Biomechanical modelling and simulation can inform this process. Many research teams have worked on this problem. 2 In these studies, the common strategy is to use a generic, rather than a subject-specific, model of valve geometry. Recently several image-based models have been
proposed. [3] [4] [5] [6] However, in these models, chordae are still based on generic models and the FEM (finite element method)-based computation engines that are used are not efficient enough to be used in the clinical workflow.
Our strategy is to build a complete semi-automatic pipeline to construct an image-based FEM model of the mitral valve simulating leaflet closure at peak systole. We are targeting a framework that can robustly work with geometries extracted from clinical data. We are starting with micro CT images, but other image modalities will be considered in the future. We construct the computational model from real subject geometries with image processing. Our aim is also to do real-time simulation that can be used in the clinical workflow. Finally, we validate our simulations on real cases of valve closure in order to simulate the real shapes of the leaflets and study the influence of the chordae attachment points.
Many studies have already been conducted on simulation of the heart valves (see comparison in Table 1 ). Several research groups have developed 3D FEM models of the mitral valve. The workflow is often similar, including these steps: (i) extracting the valve anatomy from medical imaging, (ii) defining the boundary conditions and the loading and (iii) doing an FEM analysis applying mechanical test data based on assumptions. Below is a review of some of these studies.
Kunzelman et al. [7] [8] [9] extracted geometry from explanted porcine hearts. The leaflet was considered free to rotate at the annulus, and the chords were attached at both papillary muscles and leaflet edges with free rotation. In systole, annular contraction was modelled by applying forces, and papillary muscles were moved down 1mm in the apical direction. A linear, anisotropic material model was used to account for the presence of a preferred material direction. In their results, they analyzed leaflet and chordae stresses in response to modifications in the valve configuration (papillary muscle displacement, annulus dilation, etc.).
Sacks et al. 10 extracted the mitral valve anatomy based on porcine heart micro CT scans as well. The pressure on the leaflet was given by a time-dependent physiological curve, and the displacements of the annulus and papillary muscles were given by sonomicrometry transducers. 11 They used a tension-only model for the chordae. An experimentally derived hyperelastic law was used to model the leaflets.
In their results, they analyzed the leaflet stresses to show that valve failure mechanisms occur at abnormally high stresses and that higher stresses occur at peak systolic loading.
Prot et al. 12 extracted the geometry from a porcine heart that had been dissected and photographed. The leaflets and chordae were reconstructed. The papillary muscles were assumed to be fixed. There was a self-contact condition between the two layers of the leaflet. The displacement of the annulus was measured with ultrasound before dissection while under the same pressure that was later applied in the computational model. The constitutive law for the leaflet was derived from the hyperelastic law proposed by. 13 The leaflets were meshed with triangles and the chordae by trusses. In their results, they compared the leaflet stress distribution and chordae tensions with values from the literature.
Wang et al. 6 extracted the valve anatomy from a multi-slice CT scan of a human subject. The geometry included the mitral valve leaflets, the papillary muscles and 21 chordae. The displacements of both the annulus and the chordae attachments on the papillary muscles were tracked across a sequence of CT acquisitions and applied as imposed displacements. A time-dependent pressure based on the cardiac cycle was applied to the leaflet. An anisotropic hyperelastic Ogden model was used to model the chordae. 3D elements were used to capture the mitral valve and 1D elements for the chordae. In their results, they compared model predictions of stress and strain with values from the Hammer et al. 14 developed a mass-spring framework to simulate mitral valve closure using a nonlinear anisotropic constitutive law.
Chordae were indirectly taken into account by constraining various displacements of leaflet vertices based on their location. In, 15 the previous model was adapted to perform in real time with haptic feedback.
In their results, they computed the surface-to-surface error between simulation and measured data.
More recently, Toma et al. 16 developed a computational model for the mitral valve from the ovine heart. They focused on one dataset using an accurate mesh with an anisotropic constitutive law. They also took into account blood flow in the boundary conditions. As a result, they analyzed the stress distribution as well as the chordal forces at the attachement points on papillary muscles to compare them with in vitro results.
The aforementioned research is based either on tedious preliminary work of manual segmentation or on oversimplified parametric geometries. In this paper, we propose to automatically build a computational model of the mitral valve with minor manual inputs. Our aim is also to do real-time simulation that can be used in the clinical workflow while being able to reproduce real closed leaflet shapes at peak systole.
MATERIALS AND METHODS
Here we describe the methods used to create a subject-specific model of the mitral valve. First we describe image acquisition, then image segmentation. We then describe how the major components of the valve are modelled and how the closure of the valve at peak systolic pressure is simulated and evaluated.
Image acquisition
In this study we used porcine hearts because they have been shown to be a good proxy for human hearts [7] . The image-based model was extracted from three fresh isolated hearts from 30-40kg female
Yorkshire pigs imaged using high-resolution computed tomography (MicroCAT, Siemens, Munich, Germany). For each subject, the heart was excised, and images of the mitral valve in two states were acquired:
one with no pressure so as to have an unstressed valve state and one with 120 mm Hg of air pressure delivered through the aorta to close the mitral valve and statically load it. In the remainder of this article these two states are respectively referred to as the initial and final configurations. A protocol was established to ensure high-quality micro CT scans and included carefully supporting the heart ( Figure 2A ) and pressurizing with air ( Figure 2B ).
Scanner settings were established based on trial-and-error in order to avoid artifacts due to movement or drying/shrinking of the cardiac tissues during image acquisition. The number of scanning angles was 1600, the exposure time for each image was 500 ms, the x-ray tube power was set to 10.5 W with U = 175 kV, and a 0.5 mm copper filter was used to achieve sufficient contrast and resolution. 
Image segmentation
A method to semi-automatically segment the leaflets and chordae was developed and applied to the micro CT data. It uses the level-set segmentation framework described in, 17 which consists of a 3-stage process: computing the active contour image, placing spherical seeds on the same image and running an iterative evolution function. Two labelled images are computed using only one contour image and manually placing (only once) seeds on the ventricular endocardium. The active contour used the 'region competition' method, 18 and it computes a probability map. The evolution function is based on a curvature
Air flow Micro CT scan Porcine heart FIGURE 2 A, Foam system to support the heart. B, Micro CT scanner containing a heart pressurized using a regulated air supply force. 19 The first labelled image utilized a small curvature weight for the differential equation for the contour evolution, thus allowing the region-growing algorithm to capture thin structures such as the leaflets and the chordae (see Figure 3A) . The second labelled image uses a large curvature weight, producing a smoother contour boundary while ignoring the leaflets and the chordae. The region cannot grow in the thin structures ( Figure 3B ).
The Boolean difference between these two images ( Figure 3A and 3B) gives the final leaflet-chordae set (see Figure 3C ). Figure 4 shows the same information after having extracted the largest connected component. 20 
Image registration
Micro CT scans for initial (unpressurized) and final (pressurized) configurations were acquired at different times. Between these two scans, the position of the valve changed. The first step was therefore to register the two configurations. A rigid registration method 21 was used to match the corresponding meshes in initial and final configurations.
To ensure consistency, registration was initialized using four reference points located on the anterior and posterior borders of the leaflets and identified on both configurations. More precisely, if the Z projection of the valve forms an ellipse, the four points are placed where its minor and major axes intersect the ellipse.
Modelling the valve leaflets
In order to simulate valve closure, an initial mesh geometry with boundary and loading conditions is necessary. The final shape of the leaflets (at peak systole) is also needed for validation purposes. Meshes of both states of the leaflets were generated from the segmented 3D images using the marching cubes algorithm. The meshes were decimated using a fast and automatic method where the only input is the number of final points comprising the mesh. 22 For more information about the software see http://alice.loria.fr/index.php/erc-vorpaline.html.
The whole valve was aligned with the z-axis (i.e. so that the best-fit plane to the annulus is normal to the z-direction) using a transformation matrix consisting of two pure rotations ( Figure 5 ). The purpose of reorientating the valve is to correct any slight misalignment in order to improve the robustness of our algorithms. It is twofold. First, it allows the top surface of the valve to be extracted by comparing the surface normals with the Z direction. Second, it is used to filter the chordae modelled by line segments as detailed in the next section. A one-layer surface was extracted from the valve by comparing the surface normals with the Z direction and taking the largest connected component. The top surface is the mesh of the leaflets.
The result is a mesh of the leaflets. Figure 5A 1 shows an initial mesh from our previous process in its original orientation. Figure 5A 2 shows the result of our extraction of leaflet geometry with a reorientation to the Z axis and with only one layer to define the mesh.
Modelling the chordae
Chordae are flexible linear elements supporting only tension and are commonly modelled as a branching network of 1D elements (see Section 1). Each chorda is modelled as an insertion point on the leaflet, an attachment point on the papillary muscle, and branch points. This section details, in 3 steps, how we build the geometrical model of the chordae used in the simulation.
Extracting central lines of chordae from CT scan voxels
In the context of this study, we manually picked the chordae for each pig subject in the unstressed state and we also measured their taut length in the pressurized state. The two meshes (with and without pressure) of the leaflets and the information on the chordae are the input data to an automatic pipeline defining the biomechanical model.
Extracting chordae structure: insertion and branch points
Papillary muscles contract while the apex of the heart moves toward the annulus. It is commonly assumed that this motion is fully compensatory and that the chordae can be assumed to be fixed at the papillary muscles. 12 Similarly the other extremities of the chordae are attached to the leaflets.
Since the valve was reoriented in the Z direction, all the chordae can be sorted (see Figure 5B using the Z-coordinate (Z P ) of each point (P) so that if A and B are the two sets of points of every line segment defining a chord, the list of line segments AB is defined by 
The set of points belonging to the chordae line segments (C Leaf )
attached to the leaflets (whose set of vertices is V Leaf ) is defined by
The set of points C pap attached to the papillary muscles is defined by
At this stage, the structure of the chordae architecture is known for the valve-pressurized configuration. It is defined by lines with vertices that could be either insertion points (C Leaf or C pap ) or branch points.
The next step consists in using them to build a configuration of chordae geometry when the valve is open.
Extracting the configuration of the chordae in the valve-unstressed state
As previously mentioned, the unstressed leaflets were directly extracted from the micro CT scan, but only the insertion points of the chordae are known exactly since they are slack (unstressed). The only information measured with certainty is their maximal length during peak systole. Their tensile stiffness is known to be very high. 9 Our strategy was then to let each segment of the chordae articulate about one joint rather than buckle, and the behaviour of the chordae network was simulated as a stiff mass-spring system. The articulation is needed because the initial condition of the valve closure simulation corresponds to an unstressed state. This means the leaflets must be open and the chordae must be attached from the papillary muscles to the correct location on the leaflet. Instead of reproducing chordae buckling via a continuous curved path between segment endpoints, a simple division into two subsegments was developed. The chordae behaviour will range from a folded state to a fully stretched state during systole (see Figure 5A ). By applying basic geometry and defining a direction of folding, we can define the exact degree of folding.
The aim is to compute the set of articulation points 
The output is the geometrical information of the chordae tree structure during the unstressed valve configuration (solid blue lines in Figure 5B ). As the two micro CT scans were acquired at different locations, it was necessary to register them. We used the valve mesh data and the iterative closest point algorithm guided by four initial points on each geometry to ensure rigid-registration consistency. While the horizontal alignment was consistent because both leaflets were properly centred at the end of the algorithm, the vertical alignment was slightly inaccurate and will later be optimized.
Modelling the valve annulus

Simulating the valve at peak systole
We simulate mitral valve closure using the SOFA framework. 23 SOFA is an open-source library targeting multiple physics simulations with an emphasis on medical simulation. The main advantage of SOFA is its modularity, which allows a prototype simulation to be quickly built based on existing models. The SOFA framework has been widely used in medical simulation, including simulation of brain shift in deep brain stimulation, 24 heart contraction using an electromechanical model, 25 and augmented reality for laparoscopic images. 26 Simulations in SOFA are structured as a graph (tree or direct acyclic graph). The simulation is composed of nodes separating the different parts of the simulation, with each node including components that build the system to be solved. The dynamic equation expressed using an implicit Euler scheme is written as
where M is the mass matrix, u the displacement matrix, K the stiffness matrix, f the external force matrix, u the displacement matrix, and the Rayleigh damping B is The corotational approach 27 was used since it supports large displacements. The SOFA implementation relies on a linear strain-stress relationship. 28 This corotational approach with linear elasticity is integrated in space using the FEM. Poisson's ratio was set to 0.45 to model nearly incompressible tissue, 9 and the determination of Young's modulus is described later in this paper. In addition, self-collision was monitored. For collision detection, an alarm distance was set slightly above the minimum edge length of the triangles. If a collision was detected and the point-to-surface distance was below a tenth of the alarm distance, a penalty force was applied. The spring stiffness of the contact force is one. Leaflet vertices near the annulus were pinned as in 7 to allow only rotation. For each constant-strain triangle, the 9×9 stiffness matrix can be written as
where t describes a generic P1 triangular element, B t is the strain-displacement matrix, D t is the stress-strain matrix describing the mechanical constitutive law that is the in-plane stress condition and R t is the rotation matrix.
Pressure due to blood is modelled as a surface-normal pressure on the leaflets. Fluid-structure interaction was not modelled because it would significantly increase computation time. Instead we applied a static pressure of 120 mm Hg to simulate typical peak systolic blood pressure. Under this pressure, the leaflets move from the initial state (unstressed) to a final state (pressurized). While we are interested only in the quasistatic equilibrium solution of the valve at peak systolic pressure, we solve for this state by solving the dynamic equations in the presence of collision detection and contact forces.
Given the annulus previously defined at the initial and final states of the valve (see section 2.6), our strategy was to apply spring forces such that the annulus is pulled from its initial configuration toward its final shape at peak systole. The direction and intensity of the force for each vertex are given by the position of the closest point on the final state of the annulus. To recover the displacement of the annulus between the open and closed states of the valve, we used an iterative approach based on the iterative closest-point method, implemented in SOFA. 29, 30 The points belonging to the annulus in the initial state were projected onto the final state. The set of closest points (projection of the initial state onto the final state) was updated at each iterative step.
Chordae were defined by a stiff mass-spring system. The chordae material was modelled by an elastic law with parameters taken from. 9 The mass of the structures was lumped at discrete points, and, for an individual chorda segment, we distributed its mass equally between its two endpoints. Three kinds of groups were created: point masses inserted on the leaflet, point masses attached at the papillary muscle, and other point masses (branch points and flexure points).
The points attached to the leaflet had their behaviour determined by that of the associated leaflet vertex, the points attached to the papillary muscle assumed a zero-displacement Dirichlet condition, and the others had their motion defined by the mass-spring behaviour of the chordae.
The complete simulation from the unstressed state to full closure at peak systole took 15 seconds. Simulations were run on a Macbook Air 2 GHz Intel Core i7 with 8 GB of memory. The whole pipeline was scripted. The various steps associated with the average time on the three subjects are illustrated in Figure 7 .
An illustration of the simulation is shown in Figure 8 , and Table 2 summarizes all the parameters involved in the simulation.
RESULTS
In this section we present how we applied our computational model of the mitral valve to test the different model parameters as well as the influence of the chordae tendineae structure. We define three metrics to evaluate our simulations. FEM simulation 15sec FIGURE 7 Simulation workflow with associated average time from the three subjects (in bold) FIGURE 8 Valve rendering at the end of the simulation. Bump map rendering: leaflets; green: chordae; pink: attachment points; cyan: collision alarm distance. Left: top view; right: lateral view 
Metrics
For the first metric, we compute the mean distance between our simulated closed leaflets and the closed state extracted from the CT scan (ground truth) using an error-to-surface measurement. Specifically, from each point of the reference we compute the orthogonal projection on the simulation mesh. An illustration of this metric is given in Figure 9A . The second metric that we use to assess the simulations is the area of interleaflet coaptation. The leaflet coaptation zone is crit- 
Estimation of Young's modulus
The first model parameter that we estimate is Young's modulus. While most of the parameters can be determined from direct measurement (e.g. pressure) or from basic principles (e.g. Poisson's ratio), leaflet elasticity is known to vary among individuals and must be uniquely determined for each subject. To estimate this modulus for each case, we ran (A) (B) (C) FIGURE 9 Metrics used to evaluate simulations. A, Error map with point-to-surface distance. B, Area of coaptation surface. C, Occluding contour, used as an indicator of a leak This is illustrated in Figure 12 . The vertical lines in Figure 11 indicate the value of Young's modulus at which the leak metric starts to detect a leak. The associated curve is a plot of normalized shadow surface area (which decreases as the gaps that allow light to pass grow). The dotted line in Figure 12 representing the bulged leaflets is far from the actual surface while still having a larger coaptation surface. By comparison, an overestimation of Young's modulus produces only a slight increase in error. This can be explained by the fact that the leaflet does not stretch enough to prevent leaks. The error does not increase dramatically because, as illustrated in Figure 12 by the dashed line, the leaflets simply tighten.
The optimal Young's modulus for all three pig subjects is approximately 400 kPa. This is the lowest Young's modulus value that works on all the subjects. The simulation of valve closing without anisotropy implies a very elastic material as explained above. 400 kPa is a value that can be found at the drop in occluding contour area for pig A in Figure 11 and the relative constancy of point-to-surface error to the right of 400 kPa in Figure 10 . The disparity among subjects is due to leaflet thickness, which is not the same for the three pigs. Disparity in leaflet thickness among subjects is probably responsible for part of this disparity, but the normal variability seen in the properties of heart valve leaflets is huge and is probably a major contributor. It is described in the analysis on mechanical properties for mitral leaflets in. 32 The minimum
error is approximately 1 mm, which is comparable to other results from the literature. The standard deviation is around 0.7 mm, which shows that the error is sufficiently uniform.
Our estimated value of the Young's modulus is low compared to published values (e.g. E 1 ∼ 2000 kPa and E 2 ∼ 6000 kPa in the linear anisotropic model from 9 ). This is due to our assumptions of a linear constitutive law and isotropic behaviour. The mitral valve leaflets have been shown to exhibit a highly nonlinear stress-strain relationship, with very anterior leaflet posterior leaflet FIGURE 12 Comparison between simulation mesh and ground truth. A, Illustration of the leaflet behaviour while linearly increasing Young's modulus. B, Example showing the bulging effect in a plane cut through the posterior and anterior leaflets low in-plane stiffness at low strains transitioning to much higher stiffness at high strains, and published biaxial testing curves show two distinct regimes: a nearly linear low-stiffness regime at low stresses followed by a transition to a high-stiffness regime at high stresses.
With our limitation of a linear stress-strain relationship, it was necessary to model the low-stiffness regime in order to capture the considerable tissue stretch observed in the actual valve as it begins to close. If the leaflet tissue were modelled with a single stiffness (linear stress-strain relationship passing through the origin) corresponding to the slope of the high-stiffness regime, the leaflet would undergo no appreciable strain, leading to little to no interleaflet coaptation, tethered leaflets and underestimation of the occluding contour. In order to simulate the high strain undergone by the tissue of leaflets as they begin to be loaded, which is critical to normal valve function, we found it necessary to use the value of Young's modulus corresponding to the low-stiffness regime.
In addition to nonlinearity of leaflet tissue, the leaflets are also anisotropic, exhibiting greater in-plane stiffness in the predominant direction of the collagen network within them. Again, in order to capture the high-strain behaviour of the leaflets, we used a low Young's modulus more typical of the material direction perpendicular to the predominant collagen direction.
Valve closure has been simulated at pressures of 120 mm Hg and 150 mm Hg (see Figure 13 ). Closure in both cases is maintained and chordae are outstretched in the same way. Table 3 shows how the chordae behave during stretching at the two pressures. We have computed the stretch ratio S tr R(P press ) at a pressure P press=1 = 120 mm Hg and P press=2 = 150 mm Hg with 
Sensitivity to mesh resolution
Next, we assess the effect of varying the mesh resolution on the accuracy of the simulation. We generated meshes with increased resolution using the method of mid-point triangle subdivision, and we evaluated results with the number of subdivisions n sub = 0, n sub = 1 and n sub = 2. Figure 14 (left) shows a plot similar to Figure 10 . The error evolution has been computed between simulations using the finest mesh (n sub = 2) and simulations using the two coarser meshes (n sub = 0 and n sub = 1).
As previously, the simulation is performed with various Young's moduli. Only the point-to-surface error and its standard deviation are plotted, and only one porcine valve is shown to avoid information redundancy (pig A).
There is little difference between the errors (less than 0.3 mm for Young's modulus greater than E = 500 kPa), and the coarsest mesh appears sufficient. The differences among the results for the three subdivisions are mainly due to the errors around the annulus. 
Estimation of rigid registration
Another important degree of freedom of our model is the initial rigid-body motion. The pressurized and unpressurized states of the mitral valve were taken from micro CT imaging, and in general the position within the scanner for the two images was different. While the rotations as well as the horizontal translations (X and Y) were correct because the annulus is well centred, the translation in Z was less certain. In order to estimate it, we added to our model a Z translation of the final state of the annulus for the iterative closest point force field
(as described in Section 2.7). Because this will also change the way the leaflets are tightening (Figure 12 ), we needed to also optimize the value of Young's modulus.
The optimization of these two parameters was done using the pattern search algorithm. 33 The initial values of the parameters were relatively close to their optimal ones: Young's modulus was chosen from the analysis in Figure 11 , and the heart position in the CT scanner did not differ much between the two experimental conditions. The objective function used for the optimization was the mean point-to-surface error measurement. We chose point-to-point distance because the computation time is significantly less than for the point-to-surface error metric used in section 3.1. The aim here is not to validate a simulation but to evaluate the influence of the rigid registration on the simulation. An important advantage to this metric is that it does not require computation of the gradient. Results are presented in Figure 15 . They show that the Z translation of the rigid registration computed with the iterative closest point algorithm already gives a satisfactory result. The error is slightly greater than before because we previously used the point-to-point distance to decrease computation time.
The vertical displacement of the rigid registration between the two micro CT scans is less than the average point-to-surface error. This means that the error is not due to poor registration of the two micro CT scans but from limitations of our method.
Influence of the attachment point
Having assessed model robustness and quantified the sensitivity of the simulated valve shape to changes in model parameters, we applied it to real case studies. Our primary focus was on the influence of chordae on the simulation. In particular, we focused on the influence of the in the case of no chordae, and (ii) the contact forces allow the two leaflets to remain in contact while being pushed upward. However, the coaptation surface was not continuous, which is why holes (and thus a leak) appeared.
The graph of the evolution of the coaptation area shows some behaviour that is not coherent. Specifically, coaptation area is slightly higher without marginal chordae than with all chordae. This is due to the intermediate chordae constraining the two leaflets to remain close together while the contact forces and small but not insignificant bending stiffness prevent the leaflets from buckling and prolapsing, as would happen in the real valve. However, even though the coaptation area is substantial in this case, it is not continuous, which is why holes (and thus a leak) appear. FIGURE 17 Evolution of error metric with the leave-one-out method for each chorda. Chordae are categorised as marginal or intermediate
Limitations
Our methodology shows promising results such as fast computation time, the possibility to model valve closure in a subject-specific capacity, and the utility of robust metrics for quantifying valve simulation.
However, we acknowledge drawbacks to our framework.
The unstressed leaflets were directly extracted from the micro CT scan. One of the two 3D images we scanned was a valve resting down- This analysis has been performed using micro CT because its high resolution enabled us to resolve very fine valve structures. While micro CT cannot be used clinically, we are investigating methods to segment chordae from clinical 3D ultrasound based on previous work from our group. 34 We are also exploring the use of 4D cardiac CT scans.
Finally, our framework focused on the simulation of a static closed valve at peak systole, but it might be informative to simulate a time-dependent pressure during valve closure. However, while the quasistatic nature of our simulations is a limitation, there is considerable clinical value to using simulation to predict valve competence during peak systole because a mitral valve that is competent at peak systole is unlikely to exhibit clinically significant regurgitation.
We will address these model limitations in future work.
CONCLUSION
In this article, we have presented a method to create a computational model of the mitral valve based on volumetric images. The contributions of this paper are (i) the geometry of the valve model, which is more accurate than current simple parametric models that are widely used in the literature; (ii) the automatic computation of the full valve structure, including the leaflets, annulus, chordae and boundary conditions (displacement of the annulus, chordae fixed points on papillary muscles, chordae-leaflet attachments and flexure of the chordae).
Our framework requires only minor input from the user to prepare the biomechanical model, which is particularly useful where there are many subjects to test. It also allows quick variation of the input data Results from FEM analysis on three explanted porcine hearts show that it is possible to predict the shape of the leaflets at peak systole with an average surface error of approximately 1 mm. We also measure the influence of the positions of the chordae tendineae on simulation results and show that marginal chordae have a greater influence on the final shape than intermediate chordae.
In future work, we plan to use an anisotropic hyperelastic law to model the leaflet behaviour in order to increase accuracy by having both an image-based collagen fiber orientation and a nonlinear constitutive law to model the increasing leaflet stiffness with increasing leaflet strain. We also plan to test our model on more data. This is important to demonstrate model robustness for a system with so many degrees of freedom and such large ranges of physiological parameters. Finally, we want to continue evaluating the role of the chordae by studying the influence of their diameters.
The entire process is shown visually in the accompanying video.
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